1. L-Serine was shown to be a highly specific inhibitor of 3-phosphoglycerate dehydrogenase. 2. 3-Phosphoglycerate dehydrogenase is cold-labile with respect to its catalytic activity and to sensitivity to serine. 3. L-Serine protects the catalytic site as well as the inhibitor site. 4. Glycerol protects the catalytic site as well as the inhibitor site. 5. Serine acts as a 'classical' non-competitive inhibitor of fresh preparations of 3-phosphoglycerate dehydrogenase. 6. 'Aged' preparations when assayed at pH 6 5 show sigmoid inhibition curves at saturating substrate concentrations. 7. A generalized model is advanced to account for the variation of the catalytic activity and the inhibitory effect of L-serine with time and conditions. 8. The possibility that the sigmoid kinetics of inhibition observed are an artifact of isolation is discussed.
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The control of metabolic pathways through the mechanism of feedback inhibition is now well established (Atkinson, 1966; Stadtman, 1966) . The actual mechanism by which enzyme activity is altered is not known and a variety of hypotheses exist. Many of the enzymes investigated have shown non-Michaelis kinetics and this behaviour has assumed an important position in any discussion of 'control' enzymes. Monod, Wyman & Changeux (1965) presented a detailed model to account for both homotropic and heterotropic effects. Their system relied on a subunit structure for the enzyme and they postulated that the enzyme existed in at least two forms in equilibrium. Co-operativity arose through displacement of this equilibrium as a result of ligandbinding. Koshland, Nemethy & Filmer (1966) analysed several model systems of interaction between sub-units in which conformation changes were induced by ligand-binding. They also considered the model of Monod et al. (1965) proposed a model based on substrate-induced conformational change (enzyme activation) where only the active site was necessary and there was no requirement for a sub-unit structure.
However, several authors have proposed mechanisms for specific enzymes that involve two substrate sites (Atkinson, Hathaway & Smith, 1965; Sanwal, Stachow & Cook, 1965; Nakagawa & Hayaishi, 1967) . One site is catalytic and the other has a regulatory function.
The formation of serine from 3-phosphoglycerate via phosphohydroxypyruvate and phosphoserine has been shown in animals and bacteria (Pizer, 1964 (Pizer, , 1963 . The work of Hanford & Davies (1958) suggested that this could also be the case in plants and the enzymes of this pathway have now been identified in etiolated pea epicotyls (Slaughter, 1967) . L-Serine has been shown to inhibit 3-phosphoglycerate dehydrogenase from bacteria (Pizer, 1963) , but not that from animals (Walsh & Sallach, 1965; Bridgers, 1965) . In the latter case, phosphoserine phosphatase has been shown to be inhibited by low concentrations of L-serine (Borkenhagen & Kennedy, 1959) . Slaughter (1967) has shown that 3-phosphoglycerate dehydrogenase from etiolated pea epicotyls is very sensitive to inhibition by L-serine, whereas the phosphoserine phosphatase from the same source is not.
Although 3-phosphoglycerate dehydrogenase has been identified as an enzyme open to feedback inhibition, little has been reported about the details of inhibition. The present paper describes further investigation into the nature of the interactions between L-serine and 3-phosphoglycerate dehydrogenase from peas. A preliminary report of the work has appeared (Slaughter & Davies, 1967 (Slaughter & Davies, 1968) .
RESULTS
Inhibition of 3-phosphoglycerate dehydrogenase. The inhibitory effect of L-serine on 3-phosphoglycerate dehydrogenase present in crude extracts of peas was noted in the preceding paper (Slaughter & Davies, 1968 Inhibition of 3-pho8phoglycerate dehydrogena8e by L-8erine at pH 6*5. When a freshly prepared extract was examined for its response to L-serine at pH6.5, the kinetics were those of 'classical' non-competitive inhibition. However, when the extract was stored at 20 for 4hr. before examination of the kinetics of inhibition, a sigmoid response was observed (Fig. 2) . Such kinetics conform to the allosteric V system of Monod et al. (1965) . The sigmoid response to serine observed when aged extracts are assayed at pH 6 
is not found when the same extracts are assayed at pH 5 5 (Fig. 3) . A number ofexperiments performed at pH 55 have given slightly sigmoid curves, but in no case was the degree of sigmoidicity greater than the error involved in the assays. However, if the percentage inhibition produced by a given concentration of serine is plotted against age of extract, a series of curves is obtained whose initial slopes depend on the concentration of L-serine in the assay (Fig. 4) . These results appear to show that the rate of loss of the inhibitory effect is greater when assay mixtures contain low concentrations of L-serine than when the L-serine concentration is higher in the assay mixture. This is the result that would be expected if the inhibition curves at pH5-5 were tending to become more sigmoid with the age of the extract.
The sigmoid response to increasing concentrations of serine at pH6-5 depends on the substrate concentration (Fig. 5) , and sigmoid kinetics are also observed when the velocity of the reaction is plotted against increasing substrate concentrations in the presence of a constant concentration of L-serine (Fig. 6 ).
These results imply that at pH6-5 L-serine can alter the Km for phosphohydroxypyruvate as well as lowering Vmax.
Effect8 of glycerol, 8erine and 8torage temperature on the catalytic activity of 3-pho8phoglycerate dehydrogena8e. The 3-phosphoglycerate dehydrogenase activity of an extract of etiolated pea epicotyls prepared in potassium phosphate buffer, pH6*5 (01M), and stored at 20 rose initially and then declined (Fig. 7) . When L-serine was added to A crude extract prepared at 2°in potassium phosphate buffer, pH6-5 (010M), containing glycerol (2.5M) was stored for 4hr. at 20. The extent of inhibition by L-serine was then determined at two substrate concentrations. The assay buffer was potassium phosphate, pH6.5 (91mM). Time from extraction (hr.) Fig. 8 . Stability of catalytic activity at room temperature. A crude extract was prepared in potassium phosphate buffer, pH6-5 (0*10m), at room temperature and stored at this temperature. Assays were carried out at pH5.5.
the extract to give a final concentration of 1-OmM it decreased the rate at which the catalytic activity was lost. When a similar extract was stored at room temperature, a rapid rise and fall of activity was followed by a stable period and eventual loss of activity (Fig. 8) . It thus appears that the catalytic activity is more stable at room temperature than at 20, i.e. the enzyme is cold-labile. When glycerol (25mS) was included in the extracting medium, the enzyme activity varied with time as in the extract at room temperature, but over an extended time-scale (Fig. 9) . It should be noted that the addition of glycerol to an extract prepared in potassium phosphate buffer and stored at 20 until the catalytic maximum was passed did not produce a second maximum (Fig. 7) . vo is the velocity in the absence ofadded serine. Assays were carried out at pH5.5. o, hr. from extraction; e, 1 hr. from extraction; ol, 2hr. from extraction.
Effect8 of glycerol, L-8erine and 8torage temperature on the inhibitory effect of L-8erine. When an extract was prepared in phosphate buffer, pH 6-5 (0-M), and stored at 20, the effectiveness of serine as an inhibitor declined rapidly (Fig. 10) . 12 . Stability of the inhibitory property at 20 in the presence of glycerol. A crude extract was prepared at 20 in potassium phosphate buffer, pH6.5 (010M), containing glycerol (2.5M) and stored at 20. Assays were carried out at pH5-5. 0, 15min. from extraction; *, lhr. from extraction; A, 4hr. from extraction; A, 7hr. from extraction; *, 24hr. from extraction. through a stable period (Fig. 11) . It thus appears that the inhibitory 'site' is also cold-labile.
When glycerol (2.5M) was included in the extracting medium and the extract stored at 20, the sensitivity to serine was protected (Fig. 12) .
When, in addition to glycerol, L-serine was added to give a final concentration of I OmM, the sensitivity of 3-phosphoglycerate dehydrogenase to serine was further protected (Fig. 13) .
The sensitivity to serine, which is rapidly lost at low temperature (20), can be partially restored by incubating the extract at 250 (Fig. 14) .
DISCUSSION
Although direct combination of L-serine with a modifier site on 3-phosphoglycerate dehydrogenase has not been shown, the specificity of the inhibition, its non-competitive nature and the stabilizing effect of L-serine on catalytic activity imply that this is so. It would seem that the inhibition by L-serine is not an artifact, and it might have physiological significance as it could allow serine in the cell to control its own rate of synthesis.
Inhibition of 3-phosphoglycerate dehydrogenase by L-serine was shown to vary with age of extract and assay pH. Depending on the conditions chosen the effect could be classified in a number of ways (nomenclature after Monod et al. 1965) : (1) equilibrium positions ofthe two steps. Temperature and glycerol can be postulated to act at either of these two points. L-Serine in the incubation mixture will lead to formation of ASer and thereby decrease the rate of the A --B step by lowering the concentration of A. The same model can also account for the various shapes of inhibition curve that have been obtained. On extraction, A will be the dominant form of the enzyme and simple inhibition curves will result. However, in a system where B has increased to near its equilibrium concentration with A, addition of serine will not only cause formation of ASer but by thus lowering the concentration of A cause a reversion of some of the B form to the A form. As A is postulated to be less catalytically active than B, this process will introduce sigmoidicity into the kinetics of serine inhibition.
Variation in the form ofthe inhibition curves with assay conditions can also be understood on this general model. The equilibrium positions and ratio of reaction will probably depend on assay conditions, as may the catalytic activity of the enzyme forms and the various Km values. On this type of scheme, whether or not an effect of serine is found on the apparent Km of the extract will depend on the Km values of the A and B forms. Regardless of such effects, serine must always depress Vmax., as this is the basic mechanism of its action on A.
Whatever interpretation is considered for the behaviour of 3-phosphoglycerate dehydrogenase the results in this paper indicate that all the co-operative effects develop on aging of the extract and do not occur with a freshly prepared extract. This implies that inhibition of 3-phosphoglycerate dehydrogenase by serine in vivo will follow a classical non-competitive mechanism rather than the more complex co-operative pattern.
It is of general interest that, if on extraction of an enzyme the native form came rapidly into equilibrium with a catalytically active degradation product and both forms satisfied the structural requirements described by Monod et al. (1965) , then a system capable of showing both homotropic and heterotropic co-operative effects would have come about as an artifact of isolation.
